We present the results of a mesospheric sodium monitoring programme at La Palma carried out through five campaigns of one week each, from 1999 September to 2000 August. The yearly averaged parameters of the layer (the sodium column density and the width) are given. We show that the short time-scale dynamics of the layer are governed by the sporadic layers with an average frequency of one event per night. The influence of the short time-scale dynamics of the layer on an adaptive optics system working on the William Herschel Telescope is quantified. It appears that it is a small effect in terms of defocus error. Finally, we present data obtained during the Perseid meteor shower and show that the dynamics of the sodium layer undergoes a transition with the meteoric activity.
I N T R O D U C T I O N
A Laser Guide Star (LGS) produced by the resonant excitation of the mesospheric sodium layer significantly improves the performance of an adaptive optics (AO) system. Several groups of researchers are pursuing the goal of closed-loop atmospheric compensation using a sodium beacon (Benedict, Breckinridge & Fried 1994; Fugate 1993; Gardner, Wetsh & Thompson 1990) . For 8-m-class telescopes working in the infrared, the sky coverage would be increased. For the 4.2-m William Herschel Telescope (WHT) in La Palma, where AO correction in the visible may be possible, using a LGS is necessary because of the almost complete lack of sufficiently bright reference stars at visible wavelengths.
Since the first Light Detection and Ranging (LIDAR) observation by Bowman, Gibson & Sandford (1969) , the sodium layer has been studied by numerous groups at different locations (see for example Megie & Blamont 1977; Gardner et al. 1986; Papen, Gardner & Yu 1996; Ge et al. 1998 ) and the results from these have shown that the sodium layer is subject to seasonal variations of concentration, and differs significantly from one geographical location to another.
Furthermore, the mesospheric sodium layer is not static. Socalled sporadic events govern the short time dynamics of the layer (Clemesha 1995) . They have been recently characterized in great detail using LIDAR experiments (Qian, Yu & Gardner 1998; Kwon, Senft & Gardner 1988) . The sporadic layers modify the sodium abundance, the width and the centroid position with an amplitude comparable to the seasonal variations, but on time-scales of a few minutes. These parameters are of fundamental importance for LGS AO. Very little data is available for the middle-latitude sites like La Palma (298N) and the characterization of the layer at La Palma was the aim of our project.
In this paper we present the results of a sodium monitoring programme at La Palma carried out through five campaigns of one week of observation each from 1999 September to 2000 August, yielding 25 nights with good observation conditions. We analyse the yearly averaged parameters of the layers and the short timescale dynamics governed by the sporadic layers. We also discuss data obtained during the Perseid meteor shower and show how the sodium layer was perturbed.
DATA C O L L E C T I O N A N D A N A LY S I S
We summarize here the experimental set-up which has been described in more detail previously (Michaille et al. 2000) . The laser chain consists of an argon-pumped tunable dye laser delivering typically 350 mW at 589 nm. A sodium oven is used to lock the laser to the D 2 sodium transition, and a 25-cm beam (at the 1/e 2 point) is launched, using a refractive telescope, into the sky in a fixed direction 3 degrees from zenith. Unlike the usual LIDAR technique where a pulsed laser is used, our laser is continuous wave. The altitude resolution of the layer is obtained by a side observation of the resonance scattering and our experiment uses three telescopes for this purpose. An 8-inch Meade telescope located 3.5 m away from the laser observed both the Rayleigh scattering and the sodium laser beacon. In the presence of cirrus clouds a large localized scattering was observed in the Rayleigh plume which alerted us to non-photometric conditions. The main collecting telescopes were the (1-m) Jacobus Kapteyn Telescope (JKT) and the (4.2-m) WHT, respectively located 164 and 210 m away from the laser launch site. Viewed from these telescopes, the sodium beacon appears as a streak of about 1 arcmin. Interpreting these streaks in terms of height requires a precise knowledge of observation positions and directions, and our particular geometry permitted the absolute height to be triangulated with an accuracy of 2 km. Since seasonal centroid height fluctuations are on a similar scale, our experiment did not permit good monitoring of this quantity. The relative height scale along the streak, however, could be obtained more precisely. From basic geometry, the resolution of the sodium profile, in the case where the pixel field is smaller than the seeing, is given by:
where H is the altitude of the layer, d the distance between the laser launch and the telescope, u S is the seeing, S is the size of the laser spot in meters at the sodium altitude, and u l is the angle off zenith of the laser (about 38). The first term in equation (1), with a value of 180 m for a typical 0.75-arcsec seeing at La Palma (Wilson et al. 1999) , is the length of the layer seen through the seeing angle. The second term, representing the influence of the waist of the laser beam, is about 60 m for a 4-arcsec laser spot. The total resolution of the profiles is around 250 m, and is mostly influenced by the seeing. The signal in the direction transverse to the beam propagation direction is summed up to obtain a profile. A signal-to-noise ratio of the sodium profile of 200 is typical for the JKT observations. All the results we present in this paper, except the ultrashort sporadic layer, come from the data obtained at the JKT with a 60-or 90-s time exposure. Apart from triangulation, the WHT was used to examine rapid variations in the sodium profile, its larger collecting area permitting exposures as short as 5 s (with a 13 s period) with a signal-to-noise ratio comparable to that obtained with the JKT. Because of the double pass of the laser through the atmosphere, calculation of the sodium concentration from our data requires a knowledge of the atmospheric transmission. This was achieved with observations of photometric standard stars once or twice each night and with known and estimated properties of the telescope and its CCD (charge coupled device). Our measured one-way transmission varied from 65 per cent (in the presence of Sahara dust) to 91 per cent, with a precision of 5 per cent.
Laser and photon return
The brightness of the sodium beacon depends on the laser characteristics: the pulse duration and the repetition rate governing the saturation of the sodium D 2 transition, and the possibility of optical pumping effects increasing the efficiency of the atomic excitation. To produce sodium beacons, Jelonek et al. (1994) used a sum frequency mode-locked YAG laser, while others (Avicola et al. 1994; Friedman et al. 1994; Olivier et al. 1994 ) used a pulsed YAGpumped dye laser. Theoretical calculations of Milonni et al. for a pulsed laser give very good agreement with experimental results (Milonni, Fugate & Telle 1998) and explain the difference of excitation efficiency of different lasers. A continuous wave (CW) laser has a very high efficiency of sodium excitation because it minimises saturation effects. A CW laser system is currently used in the laser guide star experiment at Calar Alto (Davies et al. 2000) . The theoretical density matrix approach of the interaction between a CW laser and the mesospheric sodium atoms has also been developed by Milonni et al. (1999) . It is shown that the photon return depends on the degree of optical pumping between the atomic states 3S 1=2;F¼2;mF ¼2 and 4P 3=2;F¼3;mF ¼3 which, in turn, is influenced by the geomagnetic field and collisions. There are two limiting cases in their study. For a weak laser field, all the hyperfine states of the 3S 1/2 are in thermal equilibrium and the population in the excited 4P 3/2 state is small. Therefore there is no optical pumping and the peak cross-section of the transition, which is polarization-independent, is s ¼ 10 211 cm 2 . The return photon flux for a launch at zenith is in units of cm 22 s 21 and is given by the formula
where C s is the sodium column density in cm 2 , H is the altitude of the layer, T a is the atmospheric transmission, P is the launch power of the laser in Watts. The photon return can be extrapolated accurately up to a power density on the order of the saturation of the transition (6.4 mW cm 22 ). This photon return can be considered as a minimum below the saturation level since any optical pumping effects would increase it. The difficulty in measuring the efficiency of the laser excitation is that the sodium concentration must be known independently of the photon return. Ge et al. (1998) realized an experiment in which they simultaneously measured the sodium column density with a spectrograph and the photon return of a laser beacon. They measured a photon return equal to: f ¼ 3:24 Â 10 28 C s T 2 a P using a launch power of 1 watt and circular polarization. This slightly higher value of the return as a result of optical pumping has been predicted by Milonni. In our experiment, the photon return has been measured with linear and circular polarization (Michaille et al. 2000) and we reported a 5^1 per cent increase with circular polarization for 200-mW launch power and a beacon width of 2 arcsec, but later experiments showed no increase for a 200-mW beam and a 3.5-arcsec spot. It is clear, then, that the optical pumping is negligible for our experiment since the width of our beacon was around 3 arcsec with a maximum launched power of 250 mW. In the case of no optical pumping, equation (2) is valid and we have used it to deduce the sodium column density from the flux measurements. The flux is deduced from the total number of counts N on the CCD by
where N is the total number of counts from the CCD, n includes the quantum efficiency of the CCD and its count/electron conversion factor, T t is the transmission of the telescope, A is the area of the telescope pupil, t is the exposure time and T f is the transmission of the sodium filter at 589 nm used to observe to laser beacon.
Observed mean sodium density and width of the sodium layer
The results from the runs of 1999 September and 2000 January, April and June are discussed in this section. The experiments of 2000 August, carried out during the Perseid meteor shower, exhibit atypical results as discussed in Section 5. Fig. 1 shows the mean sodium abundance and the mean equivalent width for each night of the four experiments. Each point plotted accounts for about 200 sodium profiles which represents a good statistical set of data over the night. The experimental uncertainties in laser power, detection, and atmospheric transmission lead to an uncertainty of 10 per cent for the sodium abundance. The width that has been used is the equivalent rectangular width. Note that many authors have used the rms width from a fit by a Gaussian shape to characterize the thickness of the layer (Papen et al. 1996) . The rms width can be related to the equivalent width of a Gaussian by the relation Width EQ ¼ 2:35 Â Width rms ; but because the sodium profiles, in our case, are very often far from being Gaussian, sometimes with several maxima, the equivalent width seems more appropriate. Fig. 1 also demonstrates that the night-to-night variations of the parameters of the layer vary with a significant amplitude; gravity waves are believed to be responsible for this daily modification of the layer. On average this amplitude is a quarter of the value of the seasonal variations. As a consequence, a single night of observation is not enough to determine the typical characteristics of the layer at a particular period of the year. However, a set of five nights (the average of clear nights on which we observed) is sufficient to get a reasonable statistical average. Table 1 presents the mean sodium concentration and the related returned flux f at the primary mirror of the telescope per Watt of launched laser power (for a typical atmospheric transmission of 0.85). The standard deviation of the sodium abundance, the width and the centroid position are also shown in Table 1 . The mean sodium column density over the year is 3:6 Â 10 9 atom cm 22 which is very close to the 3:7 Â 10 9 atom cm 22 observed at Kitt Peak (328N) (Ge et al. 1998) . We also observed the well-known winter enhancement of the sodium concentration. Megie & Blamont (1977) from the Haute Province Observatory (448N) observed this enhancement during October, November and December, with the sodium abundance being back to normal in January. The abundance that we observed in January is the highest of the year. This observation matches the results obtained at Urbana (408N) where the increase in sodium abundance also occurs in January (Papen et al. 1996) . Nevertheless, the amplitudes of variation of the sodium abundance from spring to autumn in La Palma are less than half the values of those observed at Urbana. Our amplitudes of variation match those observed by Megie & Blamont. The width of the layer has a maximum in January (13.5 km) and a minimum in April (7.8 km). Papen et al. (1996) gives similar values but also reports a second minimum in September that was not seen at La Palma. Finally, even if the sodium layer undergoes qualitatively similar yearly variations, it quantitatively differs from site to site.
S H O R T-T E R M VA R I AT I O N S O F T H E S O D I U M L AY E R
Planetary and gravity waves created in the troposphere propagate into the mesosphere, creating spatial modulations of the sodium profiles as well as temporal modulations of the column density as high as 100 per cent in a few hours (Gardner & Shelton 1985) . Gravity waves introduce global structural features in the layer which are homogeneous (not localized at a particular point of the sodium profile). In contrast, sporadic sodium layers, the origins of which are still uncertain, represent a much more drastic dynamical process (for a review of sporadic layers see Clemesha 1995) . These sporadic layers produce sharp sodium abundance peaks of full width at half-maximum (FWHM) from 0.5 to a few kilometres, and they last from a few seconds to a few hours. It has been shown that there is a strong correlation between the occurrence of a sporadic E layer in the ionosphere and sporadic sodium layers; ions would come down from the ionosphere and combine in the mesosphere (Clemesha et al. 1980) . Some recent studies show that the recombination rate of sodium ions is fast enough to produce localized sporadic events (Cox & Plane 1998) . Gravity waves and their associated temperature variation may also locally influence Table 1 . Monthly average of the parameters of the layer for: the sodium column density C s , the returned flux at the primary mirror f, the width of the layer W e . The last three columns respectively correspond to the standard deviation of the column abundance, the width, and the centroid position C e . the chemistry of the layer to produce sporadic events (Zhou, Matthews & Tepley 1993) .
Month

Observation of sporadic events at La Palma
The frequency of appearance of sporadic layers depends to a great extent on latitude. Whilst they are very rare around 458N, they are frequent at 208N. During an airborne LIDAR experiment in Hawaii, Qian et al. (1998) detected sporadics 55 per cent of the global observation time. Over 21 full nights of observation (at least 7 h per night), we have seen 20 sporadic layers, the peak sodium concentration of which was higher than the peak concentration of the usual unperturbed layer. Roughly, sporadics were present 20 per cent of the time of observation, which is a new result for the intermediate latitude of La Palma (298 N). Some of the profiles show the simultaneous presence of several sporadics (Fig. 2a) . This profile has to be compared with a typical profile in the absence of a sporadic event (Fig. 2b) . The shortest measured sporadic event lasted 30 s (Fig. 3a) , measured with 5-s time exposures at the WHT. It is suspected that this kind of sporadic is the result of the arrival of a meteor in the vicinity of our observation area. Fig. 3(b) shows that its length along the laser streak is roughly equal to its width. Since the observed thickness is limited by the seeing we can only assert that the thickness of the sporadic layer is not larger than 400 m. The most pronounced sporadic event that we observed occurred on 2000 August 14. It had a peak sodium density of 3 Â 10 4 atom cm 23 , and is shown in Fig. 4 . The highest sodium density ever measured was observed by airborne LIDAR above Hawaii and had a peak concentration of 1:1 Â 10 5 cm 23 (Qian et al. 1998) . As previously mentioned, we could not determine an accurate absolute height for the layer, so we have characterized the position of every sporadic H s compared to the centroid position of the layer H c just before the appearance of the sporadic, i.e. dH ¼ H s 2 H c . Both dH and the FWHM have been measured at the time of maximum peak concentration of the sporadic. Fig. 5(a) presents the histogram of dH. The peak of the distribution corresponds to sporadics located close to the centroid position, and given that this position is usually close to 92 km, our results are similar to those of Qian et al. (1998) and Kwon et al. (1988) . Among the 20 sporadics observed, only three appear below the centroid position, one in January and two in April. Several models assume a loss process of sodium from cluster ions in the bottom side of the layer. As this is a temperature-dependent process, the efficiency of the loss mechanism would be higher in the winter, and our observations during winter seems to support this theory. All the sporadics observed in June, August and September are located above the centroid position before the sporadic appearance. Fig. 5(b) presents the histogram of the FWHM of the observed sporadics. Most have a FWHM between 1 and 2 km which is also in agreement with the results of Qian et al. (1998) . Finally, the altitude of the sporadic typically decreases with a speed of about 0.5 m s 21 . Only three sporadics were observed to move upwards.
Implications for adaptive optics
The sporadic events represent the main perturbation of the photon return, the width of the layer, and its centroid position. These three parameters are of fundamental importance for adaptive optics using sodium LGS. A photon return as high as possible, with the smallest width and centroid position variation, correspond to the ideal conditions in which to run an AO system. Fig. 6 (a) depicts the variation of the photon return for 1999 August 14 and shows that it can vary over 300 per cent through the night (Gardner reports 200 per cent variations in Gardner et al. 1986) , with a maximum rate of 50 per cent in 5 min.
Because of the thickness of the sodium layer (about 10 km on average), the receiving telescope of an LGS AO system, located a few meters away from the laser, still measures an elongated spot. In the case of a launch system with a diffraction limit lower than the seeing, the size of the spot in the direction transverse to the launch direction is defined by the seeing conditions (0.75 arcsec on average at the WHT). After basic geometrical calculations, one calculates for the elongation in the direction of the launch: u spot ¼ ddH=H 2 where dH is the thickness of the sodium layer, H is the altitude of the layer and d is the separation of the beam launch and the centre of the considered aperture. u spot depends on the diameter of the telescope and the way the laser is launched: either monostatic mode where the laser is launched from the secondary mirror, or bistatic mode where the laser is launched from the side of the primary. For the WHT AO system, it is planned to launch the laser in bistatic mode with a separation of 3.5 m from the centre of the laser launch system to the centre of the telescope: the nearest subaperture is located 1.4 m away from the beam projector while the furthest is at 5.6 m. The highest equivalent width observed was 18 km. Consequently the size of the spot in the direction of the beam varies from 0.8 to 2.5 arcsec. Very generally, it has been shown (Sandler et al. 1994 ) that a doubling of the image size on a wavefront sensor would require a quadrupling of laser power to obtain the same signal-to-noise ratio for the wavefront sensor detector. As a consequence, the variations of the spot size arising from the change of the layer width strongly influence the performance of AO. Fig. 6(b) shows the variation of the equivalent width of the layer through the very perturbed night of August 14. The width underwent 300 per cent variations because of two sporadics occurring during this night. The maximum longitudinal size of the spot varied from 0.7 arcsec (seeing limited) for a 4-km width sodium layer to 2.25 arcsec for a 13.5-km width layer. The equivalent width underwent up to 20 per cent variation in 1 min. In the case of monostatic launch, no noticeable elongation of the spot would occur using the 4.2-m WHT telescope.
The movement of the sodium layer centroid is a very important parameter to consider for AO as it produces an erroneous defocus on the wavefront sensor. The resulting rms wavefront error from a change dH of the centroid position, at a subaperture separated by a distance R from the centre of the mirror, is given by (Le Louarn 2000) 
Þ where H is the altitude of the layer. The loss of Strehl is then given by L s ¼ 1 2 expð2ð2ps 2 Þ/ lÞ where l is the considered wavelength for the correction. One of the aims of the NAOMI AO system is to work in the visible and we will consider l ¼ 500 nm in the following discussion. Fig. 6(c) presents the variation of the centroid position of the layer for the night of August 14. The amplitude of the centroid movement is 2.5 km over the night. The maximum rate of variation is 500 m min
21
. This is more than the maximum variations reported by Papen et al. (1996) : 300 m 6 min 21 (6 min corresponding to the acquisition time). Our measurement of the layer dynamics is also limited by the acquisition time (90 s). Studies on the time-scale of 100 ms (O'Sullivan et al. 2000) reported a 300-m variation in 30-s, but nothing significant is reported for very short time-scales. We believe, therefore, that we almost resolve the layer dynamics. With the same bistatic launch configuration for the WHT as described above, using the experimental profile of Fig. 6(b) , we have calculated the average loss of Strehl between two consecutive exposures. We suppose a perfect correction of the defocus arising from the centroid movement, done every 100 s. The calculation has been carried out during the presence of the sporadic (from time 23 h to 21 h; see Fig. 6 ). The mean loss of Strehl is 2.5 per cent 1 after 100 s and is small. However, this increases to 14 per cent for a correction of the focus done every 5 min and 35 per cent for a correction done every 20 min. Therefore, a precise measurement of the centroid position on a time-scale close to 1 min seems to be necessary to obtain a small loss of Strehl arising from centroid movement during sporadic events. Since sporadic layers have been observed almost every night, the AO system must be designed to cope with their effects on the centroid height.
O B S E RVAT I O N S D U R I N G T H E P E R S E I D M E T E O R S H OW E R
Meteorite ablation is considered as the main source of mesospheric sodium (Gadsten 1971; Jegou et al. 1985) . The observation of the response of the sodium layer to such meteor showers gives information about the lifetime of sodium atoms in the mesosphere. Many groups have measured an enhancement of the sodium concentration during meteor showers (Visconti & Fiocco 1973; Hake et al. 1972; Megie & Blamont 1997; Uchiumi et al. 1993) . We made observations from 1999 August 9 to August 15, the peak of the meteor shower being on August 12. The mean column density is 4:8 Â 10 9 cm 22 which is even higher than the mean of January. It is almost twice the expected value in August. This is comparable to the sodium enhancement observed by Uchiumi et al. (1993) and Megie & Blamont (1977) . The evolution of the sodium column density for every night is given in Fig. 7 . After a high sodium concentration on August 9, the sodium abundance comes back to its monthly mean on August 10 and 11. It increases on August 12, as expected, and remains high up to August 15 with a maximum on August 14. Since the abundance is already high on August 9, one could argue that the transition from low abundance to high abundance is not that obvious in Fig.7 . However, there is a clear transition in the dynamics of the layer, which is shown in Fig. 8 . Many very intense sporadic layers arise from August 12 to 15 and they all change the photon return dramatically, as well as changing the width and centroid position compared to usual conditions. The high sodium abundance on August 9 is the result of a very intense peak which is too broad to be considered a sporadic layer. The standard deviations given in Table 1 characterize the amplitude of the changes of the layer but not the dynamics of those changes.
The dynamics of a parameter (for example the width W) of the layer through one night is characterized by the average of the absolute value of its rate of change ðk|dW e / dt|lÞ. To avoid taking into account the noise while evaluating the rate, the evolution of the parameters has been smoothed in a 5-min window. The rate of change is evaluated every 5 min and its absolute value is averaged through the night. We define a dynamical parameter which is the product of these averaged rates:
The time-scale of 5 min is small enough to estimate the changes caused by a sporadic layer (most of the sporadics lasted more than 5 min). D, then, gives an idea of how rapidly the layer properties are changing. Fig. 9 shows the variation of D from 1999 September to 2000 August. While the dynamic parameter is lower than 7 from September to August 11, a sudden transition appears on August 12.
The rate of change of the layer is still increasing on August 15. Note that this transition is not driven by any single term in equation (4). Each term shows a similar transition. This clearly demonstrates the perturbation of the sodium layer as a result of the meteorite shower. Meggie & Blamont observed the sodium abundance relax back to normal only 20 h after the peak of the shower. Uchiumi et al. saw a relaxation time of 2-3 d. In our experiment the relaxation time is at least 3 d.
C O N C L U S I O N S
In this paper, we have presented the results of five weeks of observation of the sodium layer at La Palma (298N) spaced through the year. Because of the statistically significant amount of data, we have been able to comment on the yearly evolution of the sodium abundance and width. The yearly variations of the sodium-layer characteristics vary quite significantly from site to site even at similar latitudes, such as Urbana and the Haute Province Observatory (both 408N). At La Palma the layer behaves differently from both of these sites since the winter enhancement is similar to that of Urbana, but the variations from spring to autumn are similar to those observed at the Haute Province Observatory. The yearly average of the sodium abundance is nevertheless very close to the one of Kitt Peak (328N) . Surprisingly, many sporadic layers have been observed. On average there is one per night. We have characterized their width and their altitude of appearance, finding similar results compared to sporadic layers observed in Hawaii. We also report one of the very few observations of an ultrashort sporadic layer (30-s lifetime). The influence of the variation of the sodium abundance, column density and centroid position on running an AO system have been discussed and it is shown that an AO system should incorporate a sodium monitoring system in order to correct for focus during sporadic events.
Finally, we show that the meteor shower induces a dynamic transition much more drastic than previously observed. The rate of change of the layer represented by a dynamic parameter underwent a clear transition on August 12, the date of peak meteor activity. The dynamics are even more affected on August 15, showing that the relaxation time is greater than 3 d; a value greater than that observed by other groups.
